The subcellular distributions of S-adenosyl-L-methionine:tRNA methyltransferases and aminoacyl-tRNA synthetases were investigated with the use of human and mouse normal and leukemic leukocyte cell lines. Differential centrifugation of homogenized cell suspensions produced three pelleted subcellular fractions (nuclear and membrane, microsomal, and postribosomal) and a supernatant fraction. Each fraction was assayed for both methyltransferase activity and synthetase activity. The largest amounts, 40-50%, of total methyltransferase and synthetase activities were localized in either the microsomal or the postribosomal fractions, depending on cell type. In addition, the highest specific activities of these two enzyme systems were found to be present in the microsomal and ostribosomal fractions. The postribosomal fraction from leukemic leukocytes had a methyltransferase specific activity higher than that of the microsomal fraction, while the same two fractions of normal leukocytes had approximately equal activities. Specific activities of aminoacyl-tRNA synthetases were found to be approximately equal for these two fractions, whether they were from normal or leukemic leukocytes. The activity of tRNA methyltransferases and synthetases within the postribosomal fraction of the cytoplasm suggests the existence of high-molecular-weight enzyme complexes for the modification as well as the aminoacylation of tRNA.
Components of the protein biosynthetic machinery, such as the aminoacyl-tRNA synthetases (1) , have been thought to exist freely in the cytoplasm. Yet as knowledge of protein biosynthesis accumulates, it appears that in mammalian cells there is a more extensive structural organization beyond that of ribosomes and polyribosomes. High-molecular-weight complexes of aminoacyl-tRNA synthetases, reported as early as 1971 (2, 3) , have been found in rat liver (2-6), a Chinese hamster ovary cell line (7) , and most recently in rabbit reticulocytes (8) . Hampel et al. (9) have reported the presence of a distinct population of tRNA (4 S) in 10-SOS particulate material of Chinese hamster cell cytoplasm. This specific population of tRNA molecules did not function as readily in aminoacylation in vitro as did the tRNA from the supernatant fraction. The biosynthesis of this particular population of tRNA may have been incomplete.
Primary transcripts of the genes for tRNA are not mature, functional tRNA molecules (10) . Precursor tRNA must be trimmed by ribonuclease and modified by enzymatic alteration of specific nucleotides before it becomes functional (11) . There are over 50 types of modified nucleotides in tRNA, most being simple methyl derivatives of the four major nucleotides (12, 13) . It is an intriguing hypothesis that the processing of tRNA for protein synthesis involves the cytoplasmic ribonucleases and modifying enzymes organized in a specific subcellular fraction, if not into enzyme complexes that may or may not be associated grown to a concentration of 2 X 106 cells per ml. Cells were collected at 40 by centrifugation at 750 X g for 10 min and the resulting cell pellet was resuspended in physiological saline solution. The resuspended cells were collected again by centrifugation. Cells were broken in the presence of 0.05 M TrisHCl, pH 7.5, with homogenization in a Potter-Elvehjem homogenizer. Cellular fractions were obtained according to the procedure described in detail by Hampel and Enger (7) . This procedure results in the separation of cellular constituents into four fractions: nuclei and membrane debris; microsomal materials having sedimentation rates (Svedberg values) between those of nuclei and the 40S ribosomal subunit; postribosomal materials having sedimentation rates between 8 S and 40 S; and supernatant materials having sedimentation rates smaller than 8 S (7).
Assay Conditions. Methyltransferase activity was assayed in vitro under various conditions (see text) in accordance with methods described previously (16, 17) . The methyl donor was S-adenosyl-L-[methyl-'4C]methionine with a specific activity of 57 mCi/mmol (New England Nuclear). Escherichia coli tRNA that was deficient in methyl groups served as the methyl group acceptor. Assays for aminoacyl-tRNA synthetase activity were performed according to Hampel and Enger (7) and under the following conditions: 50 mM Tris-HCl (pH 7.5); 2 mM ATP; 0.1 mM disodium EDTA; 10 mM MgCl2; 2 mM 2-mercaptoethanol; [4] [5] ,ug of the homologous tRNA; 4 ,umol of a mixture of 15 '4C-labeled amino acids (New England Nuclear) with an average specific activity of 243 mCi/mmol and a range of specific activity from 96 to 418 mCi/mmol (alanine, arginine, aspartic acid, glutamic acid, glycine, histidine, isoleucine, leucine, lysine, phenylalanine, proline, serine, threonine, ty- were prepared to contain the following components in 1 ml of final volume that was buffered with 0.05 M Tris-HCl (pH 7.8): 25 ,gg of E. coli methyl-deficient tRNA; 40 pmol of S-adenosyl-L[methyl-14C]methionine; 0.2 mmol of NaCl; and enough of the particular subcellular fraction to give a linear response of activity with respect to protein concentration (see text). Subcellular fractions were obtained from cultures of the three cell lines as described in Materials and Methods. Aliquots were removed from the incubation mixtures at the indicated times and applied to Whatman 3MM filter discs. The discs were then washed at 4°for 10 min each wash, three times in 5% trichloroacetic acid, once in ethanol/ethyl ether (1:1, vol/vol), and finally in ethyl ether. The filters were allowed to dry at room temperature and their radioactivities were determined by liquid scintillation counting. Each datum has been corrected for the incorporation of radioactivity into trichloroacetic-acid-precipitable material in the absence of tRNA. Enzymatic activity is plotted as pmol (X 10-2) of methyl transferred/mg of tRNA per mg of protein from the four subcellular fractions: nuclear and membrane (0); microsomal (0); postribosomal (0); and supernatant (-).
rosine, and valine). Protein content of subcellular fractions was determined as described by Lowry et al. (18) .
tRNA Extraction. Transfer RNA was isolated from E. coli C6 (met-, cys-, reh-) that had been grown under conditions of methionine starvation. This "relaxed" mutant of E. coli (kindly provided by D. S611, Yale University) when deprived of methionine discontinues protein synthesis but continues to synthesize tRNA and other nucleic acids (19) . The tRNA synthesized in the absence of methionine is methyl deficient and, therefore, can serve in vitro as a substrate for methylation in the presence of cell-free extracts (16, 17) . If the cell extracts are from mammalian sources, then the methylation that occurs is in excess of that accomplished with bacterial cell extracts (16, 17) . The tRNA was extracted from the E. coli mutant according to the method of Zubay (20) followed by a final chromatographic separation on a DEAE-cellulose column (21) . Transfer RNA was extracted from the three mammalian cell lines according to methods described by Agris et al. (22) .
RESULTS
Activities of tRNA methyltransferases and aminoacyl-tRNA synthetases were investigated in subcellular fractions obtained from a murine-virus-induced leukemic cell line (GM 86) and from human normal and leukemic cell lines (RPMI 1788 and RPMI 6410, respectively). Three pelleted subcellular fractions (nuclear-and-membrane, microsomal, and postribosomal) and a supernatant fraction were obtained from each cell line and assayed for enzymatic activities as described in Materials and Methods. Subcellular fractions from GM 86 cells were used to standardize methyltransferase assay conditions because of the greater ease with which GM 86 cells are cultured (14, 23) , and the larger amounts of the subcellular fractions obtained relative to the human cell lines.
The highest tRNA methyltransferase activity of GM 86 cells was found to reside in the postribosomal fraction (Fig. 1A) . Optimal conditions of tRNA methyltransferase activity for this fraction were obtained by testing five parameters: the concentrations of protein, tRNA, and S-adenosyl-L-methionine, the pH, and the cation concentration of reaction mixtures.
There was a distinctly linear response of activity to protein concentrations between 0.02 and 0.1 mg of postribosomal protein per reaction mixture. Assays, whether with the postribosomal fraction of GM 86 cells or with fractions from the other cell lines, were carried out under conditions in which the activities responded linearly to protein concentration. An apparent lack of change in enzyme activity with pH (between pH 7.2 and 8.0) was probably due to the assay's measurement of a number of methyltransferase activities (see Discussion), each with a different pH optimum (17) . Decreasing activity above pH 8.0 was due to the alkaline instability of S-adenosylmethionine (L. Culp and P. Agris, unpublished) .
Cation concentration was the fifth parameter tested for its effect on the methyltransferase activity of subcellular fractions. Both highly purified, specific methyltransferase activities (17, 24) and crude, unfractionated methyltransferase activities (24) have been shown to have optimum cation concentrations. Activities of the postribosomal fraction of the three cell lines demonstrated optima in the presence of 0.2 M NaCl (0.2 mmol per reaction mixture) as depicted in Fig. 2 . Transfer RNA methyltransferase activity for each fraction of each cell line was assayed in accordance with these results; incubation mixtures contained 10-50 jig of tRNA, 40 pmol of S-adenosylmethionine, and 0.2 mmol of NaCl per 1 ml of reaction volume that was buffered by 0.05 M Tris-HCl, pH 7.8. Transfer RNA methyltransferase activities of the four subcellular fractions from each of the three cell lines are compared in Table 1 and Reaction mixtures were prepared as described for Fig. 1 Fig. 3 and Table 2 . The aminoacylation capability of each fraction from each of the three cell lines was found to be completely expressed within the first 15 min of the incubation period (Fig.  3) .
Microsomal and postribosomal fractions from the three cell lines contained both the highest specific and greatest total synthetase activities ( Table 2 ). The highest specific activities were present in the microsomal fractions of each cell line. (-) , were obtained from cultures of each of the three cell lines and were used to catalyze the aminoacylation of tRNA from the homologous cell line. Aliquots were removed from the incubation mixtures at the indicated times and applied to Whatman 3MM filter discs, which were then washed as described in the legend of Fig. 1 Comparison of the specific and total aminoacyl-tRNA synthetase activities in subcellular fractions from cultures of three cell lines. Enzymatic activities were measured as described in Materials and Methods and ref. 7 and were calculated from the average specific activity of the 15 14C-labeled amino acids (243 mCi/mmol) that had been added to reaction mixtures. * nmol of amino acid incorporated/mg of tRNA per mg of protein per 15 min.
t Percent of total subcellular synthetase activity found in that fraction of the cell line.
Postribosomal fractions had slightly lower specific activities of aminoacylation. Specific activities of the microsomal and postribosomal fractions were found to be between 6-and 17-fold higher than that of the nuclear-membrane and supernatant fractions. Murine cell (GM 86) subcellular fractions had, in general, higher specific activities of aminoacylation than their human cell counterparts.
The microsomal fraction of each of the three cell lines was found to consistently contain 40% of the cells' total synthetase activity. However, murine cell postribosomal fraction contained a greater proportion of that cell's total synthetase activity (52%) than the postribosomal fractions of the human cells RPMI 1788 and 6410 (34% and 36%, respectively). Therefore, approximately 94% of the murine cells' total synthetase activity was present in the combined microsomal and postribosomal fractions; whereas some 75% of the human cells' synthetase activities were localized in these fractions. The supernatant fraction from the human leukemic cells (RPMI 6410) contained 18% of those cells' total synthetase activity in contrast to the lower proportion of total activity (7%) in the supernatant fraction of the normal human cells (RPMI 1788). The reverse relationship existed for the activities of nuclear-membrane fractions from the human cells (Table 2 ).
DISCUSSION
Purification of individual tRNA methyltransferase activities from mammalian cells has been shown to destabilize these activities with respect to that of the crude extract (17, 24) . Initial steps in the purification entailed ion exchange chromatography that yielded various active fractions, each with different proportions of all the methyltransferase activity but with essentially no separation of individual activities (17) . These results were indicative of the ionic disruption of multienzyme complexes into smaller, less stable units. Analysis of the subcellular distribution of the methyltransferases, as reported here, has shown that, depending on the cell line investigated, between 25 and 50% of total methyltransferase activity was present in a postribosomal pellet. In addition, the specific activity of the postribosomal fraction of each of the cell lines was found to be either considerably higher than that of all other fractions, or high and comparable to that of the microsomal fraction ( Table 1) . The high specific and total methyltransferase activity found in the postribosomal fraction, which contains material in the range of 8 S to 40 S (7), is the first strong evidence for the presence of subcellular, high-molecular-weight, methyltransferase complexes.
Different forms of methyltransferase activity, besides the possible high-molecular-weight enzyme complex of the postribosomal fraction, must be considered because of evidence of enzyme activity in the other three subcellular fractions ( Fig.  1 ; Table 1 ). The microsomal fraction contained high specific and total activities. However, when the microsomal pellet was resuspended and the last two centrifugations of the fractionation procedure were repeated (ref. 7 and Materials and Methods), most of the activity was transferred to the postribosomal pellet, but some was transferred to the supernatant also. This result suggested that the activity in the microsomal fraction was a loose association of high-molecular-weight methyltransferase complex with ribosomes and polysomes. The small activity in the nuclear and membrane fraction could not be so easily dissociated. Therefore, the methyltransferase enzymes in this fraction could be membrane-associated or nuclear activities (25) . The minor activity of the supernatant fraction may have been a naturally occurring, low-molecular-weight enzyme activity or enzyme in association with components of the three pelleted fractions that had become disrupted during fractionation.
Differences were found in the distribution of methyltransferase activities among the subcellular fractions of the three cell lines studied. Leukemia-cell postribosomal methyltransferase had a specific activity significantly higher than that of any other cell fraction, whereas normal-cell postribosomal methyltransferase had a specific activity comparable to that of the microsomal fraction. Most of the total activities found in the subcellular fractions of the three cell lines were present in microsomal and postribosomal fractions; but there was a wider distribution of total activity among human subcellular fractions than among murine subcellular fractions ( Table 1) .
The high-molecular-weight methyltransferase activities of the postribosomal fractions were found to have optimal activities under assay conditions similar to that for crude enzyme preparations (24) and highly purified adenine-Nl-methyltransferase and guanine-N2-methyltransferase (17) . Optimal cation concentration was of particular importance in view of the present knowledge of the stimulating effects of monovalent cations (24) and polyamines (26) (Fig. 2) , a value similar to that found for crude extracts, 0.25 M, and purified enzymes, 0.15 M (17, 24) . In addition, the activity of the postribosomal fraction was slightly stimulated by divalent cations alone, but inhibited by divalent cations when in the presence of 0.2 M monovalent cation (results not shown), as has been reported for other methyltransferase activities (24, 26 The distribution of aminoacyl-tRNA synthetase activities among subcellular fractions was found to correspond to that of tRNA methyltransferases (Tables 1 and 2 ). The existence of considerable synthetase activity in the postribosomal fraction, as reported by us and others (2) (3) (4) (5) (6) (7) (8) , is indicative of high-molecular-weight, multi-enzyme, synthetase complexes. Analogously, the presence of considerable tRNA methyltransferase activity in the same fraction is evidence that these enzymes also may occur in high-molecular-weight complexes. Localization of these two sets of enzymes as complexes within the same subcellular fraction is suggestive of an assembly and integration of elements for the maturation and aminoacylation of tRNA prior to its functioning in protein synthesis. Given that tRNA is not mature until it has been modified by methyltransferases, ribonucleases, and other modifying enzymes (10, 27) ; that particular sites on any species of tRNA appear to be susceptible to similar modification by these enzymes (28, 29) ; and that individual synthetases catalyze the aminoacylation of isoaccepting species of tRNA (1) 
